We have investigated the seasonal and inter-annual variations of the di¤erence in partial pressure of CO 2 between surface seawater (pCO sea 2 ) and overlying air (pCO air 2 ) and the air-sea CO 2 flux in the mid-latitudes of the western North Pacific (WNP;(25)(26)(27)(28)(29)(30)(31)(32)(33)(34)(35)(36)(37)(38)(39)(40) and eastern North Pacific (ENP; 25-40 N, 120-150 W) from 1999 to 2006 using the latest voluntary observation ship data. In the WNP and ENP, the area-averaged DpCO 2 (pCO air 2 À pCO sea 2 ) was at its minimum in late summer (À4.6 to 6.7 matm in the WNP and À32.5 to À20.5 matm in the ENP) and at its maximum in late winter (51.0 to 59.8 matm in the WNP and 35.1 to 46.2 matm in the ENP). The WNP acts as a moderate sink for atmospheric CO 2 (4.1 to 5.5 mmol m À2 d À1 ), while the ENP acts as a weak sink (1.1 to 1.9 mmol m À2 d À1 ). Because DpCO 2 is mainly controlled by pCO sea 2 , we have evaluated the e¤ect of the factors controlling pCO sea 2 : sea surface temperature (SST), salinity (SSS), dissolved inorganic carbon (TCO 2 ), and total alkalinity (A T ). In the WNP, not only SST but also TCO 2 plays an important role in the seasonal pCO 
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Introduction
The subtropical gyre occupies most of the midlatitude North Pacific. In the western North Pacific subtropical gyre, the Kuroshio, known as a western boundary current, and the Kuroshio extension carry relatively warm and salty water from the south. Subtropical mode water is formed south of the Kuroshio extension front by significant deepening of the mixed layer in winter (Suga and Hanawa 1990) . The formation and transport of mode water play an important role in the uptake of anthropogenic CO 2 (Sabine et al. 2004; Rodgers et al. 2008) . The Oyashio-Kuroshio transition region lies to the north of the Kuroshio front, and is influenced by both the Kuroshio and the Oyashio (a part of the subarctic gyre that has cold and fresh water). There are numerous eddies and thermohaline fronts which are irregularly distributed (Kawai 1972) . In the eastern North Pacific subtropical gyre, the California current, a¤ected by cold and fresh subarctic water, flows southward. Along the shore of North America, the coastal upwelling enhances biological production due to the supply of nutrients from subsurface layers to the upper layer (Wooster and Reid 1963) .
By compiling the partial pressure of CO 2 in surface seawater (pCO sea 2 ) data observed since the 1970s, Takahashi et al. (2009) reported that the western North Pacific (WNP) is the area where the largest air-sea CO 2 flux (oceanic CO 2 uptake) occurred in the Pacific Ocean, while the eastern North Pacific (ENP) is a weak sink for atmospheric CO 2 . In the Kuroshio extension, Ogawa et al. (2006) confirmed a large air-sea CO 2 flux in 1999 and 2000 using voluntary observation ship (VOS) pCO sea 2 data. Inoue et al. (1995) and Midorikawa et al. (2006) reported large e¤ects of SST and biological activity on the seasonal variation in pCO sea 2 , and an increases in pCO sea 2 parallel to that of air in the western North Pacific (137 E). In the subarctic North Pacific, Zeng et al. (2002) Inoue et al. 1995; Ishii et al. 2001; Midorikawa et al. 2003 Midorikawa et al. , 2006 and the air-sea CO 2 flux, we used a multiple linear relationship that included the sea surface temperature (SST), sea surface salinity (SSS), and time which adequately fits the pCO sea 2 data taken in the WNP and ENP.
Data and methods
Oceanic and atmospheric CO 2 measurements, along with SST and SSS measurements, were made quasi-continuously onboard the voluntary observation ships M/S Alligator Liberty (Mitsui O.S.K. Lines, Ltd.) and M/S Pyxis (Toyofuji Shipping Co., Ltd.). For the measurement details, refer to Ogawa et al. (2006) and Chierici et al. (2006) . Nine crossings were operated by M/S Alligator Liberty between Tokyo, Japan, and Manzanilo, Republic of Panama, from January 1999 to October 2000. M/S Pyxis has two major sailing routes: one from Toyohashi, Japan to Portland, Oakland, and Long Beach, USA, and the other to the East Coast of the USA via the Panama Canal. (Fig. 1) . Because of a lack of data south of 30 N in the WNP, data acquired aboard the R/V Ryofu Maru (Japan Meteorological Agency) during the period from 1999 to 2006 were also used (http://gaw.kishou.go.jp/wdcgg/). According to Chierici et al. (2006) , the precision of the mole fraction of CO 2 (xCO 2 ) data from M/S Pyxis was about 0.5 ppm. The pCO sea 2 data obtained from M/S Alligator Liberty and R/V Ryofu Maru have an inclusive precision of less than 2-3 matm.
The air-sea CO 2 flux (F ) was calculated from the gas-transfer velocity (k s ) as a quadratic function of the wind speed at given SST and SSS (Sweeney et al. 2007) , the solubility of CO 2 in seawater (a, Weiss 1974) , and DpCO 2 , and is given by: F ¼ k s aDpCO 2 . We used the gas-transfer velocity given by Sweeney et al. (2007) because it has been reported to yield piston velocity values consistent with those obtained from some small-scale deliberate tracer studies and with the total bomb-14 C inventory obtained for the stratosphere and troposphere. Sweeney et al. (2007) found a globally averaged gas-transfer velocity for CO 2 33% lower than that found by Wanninkhof (1992) , which was commonly used for air-sea CO 2 flux estimations. Using an updated wind speed, Takahashi et al. (2009) derived a gas-transfer velocity that is 4% lower than that given by Sweeney et al. (2007) . We obtained the gridded data (1 by 1 ) of pCO sea 2 in the WNP and ENP using SST and SSS fields (Section 3.1). Weekly temperature and salinity data of the NCEP Pacific Ocean Analysis (http://www .cdc.noaa.gov/cdc/data.ncep.pac.ocean.html) were used to calculate the monthly mean pCO sea 2 values. The monthly wind-speed data were taken from the reanalysis done by NCEP/NCAR (http://www.cdc .noaa.gov/cdc/data.ncep.reanalysis.derived.surface .html). We also calculated the values of the total alkalinity (A T ) and dissolved inorganic carbon (TCO 2 ) in surface waters. The A T value was obtained using the equations given by Lee et al. (2006) , and the TCO 2 value was obtained using pCO sea 2 and A T (DOE 1994). 
Results and discussion

Relationship between pCO sea
2 and SST, SSS, and time Extrapolation schemes are advantageous for extending coverage in time and space, as discussed by Wanninkhof et al. (1996) . Historically, pCO sea 2 has been expressed as a function of SST based on the assumption that, either directly or indirectly, the temperature is related to the ocean dynamics (lateral transport, vertical mixing, and upwelling), biological activities, and thermodynamics (Lee et al. 1998 ), which are the major processes controlling pCO sea 2 through the changes in A T , TCO 2 , pH, and a solubility coe‰cient and equilibrium constants. In values with a positive correlation were mostly found in the subtropics of the WNP, where the thermodynamic temperature e¤ect is a major factor in controlling pCO sea 2 variations (Weiss et al. 1982; Tans et al. 1990; Inoue et al. 1995) . However, the temperature e¤ect calculated from pCO sea 2 and SST for temperatures above 17.5 C was 1.96% C À1 , which is about a half of the thermodynamic temperature effect of 4.23% C À1 (Takahashi et al. 1993 ). The ENP is a region that has subtropical features even in northern areas as can be expected from the low surface chlorophyll density (Polovina et al. 2001) and low concentration of nutrients (Ogawa et al. 2006 ; http://www.nodc.noaa.gov/cgi-bin/ OC5/WOA05F). However, in the ENP, the variation of pCO sea 2 is not definitely expressed by the SST ( Fig. 2 ; Stephens et al. 1995; Landrum et al. 1996) . In the ENP, the SSS varied largely when compared with in the WNP. In addition to SST, SSS could assist in the prediction of pCO sea 2 because salinity is also related to the ocean dynamics, dilution/condensation of TCO 2 , A T , and variations in the solubility coe‰cient and equilibrium constants. In both areas, a linear function of SST, SSS, and time (t), which was introduced to express temporal variation (Eq. (1)), fitted the observed data better than the pCO sea 2 -SST relationship (Table 1) .
in which t means the elapsed time (month) since January 1999 and a j is a coe‰cient determined by the least-squares method. In the ENP, adding SSS to the equation as a variable provided the largest improvement in the overall correlation. In Fig. 3 , we plotted pCO sea 2 against SST and SSS to observe the SST and SSS dependences of pCO sea 2 in the WNP and ENP. The thermodynamic salinity e¤ect, which includes a concentration change caused by the addition or removal of fresh water, has a positive e¤ect on pCO sea 2 (Takahashi et al. 1993) . Therefore, the negative salinity dependence of pCO sea 2 in the ENP suggests that the e¤ect of the ocean dynamics is larger than that of the thermodynamic salinity e¤ect.
Because di¤erent processes a¤ect pCO sea 2 in the WNP and ENP, robust predictions of pCO sea 2 require sophisticated carbon cycle models, time series data, and large-scale observations. However, the simple parameterization used in this work is still useful to interpolate/extrapolate pCO sea 2 both spatially and temporally on the basis of the measurements underway. We examined the seasonal variations in DpCO 2 and air-sea CO 2 flux in the WNP and ENP, which are reconstructed from the SST and SSS fields prepared by NCEP. Because the relative contribution of the thermodynamics to the total varies seasonally (Bates et al. 1996; Lee et al. 1998) , it could lead to di¤erent pCO sea 2 -SST, SSS relationships during the annual cycle. However, in each region, the pCO sea 2 -SST, SSS relationship did not vary considerably during the annual cycle within the scatter of data. Therefore, we used the linear equations listed in Table 1 to examine the average features of pCO sea 2 over the period from 1999 to 2006.
As mentioned so far, the WNP includes two distinguishable regions with di¤erent pCO sea 2 -SST, SSS relationships. Therefore, in this study, we divided the WNP at 35 N into two regions. Hereafter, north of 35 N (nWNP) is regarded as the Oyashio-Kuroshio transition region, and south of data were fitted to a harmonic function f ðtÞ: Eq. (2) again ð f ðtÞ ¼ DpCO 2 ðtÞÞ. Usually, the minimum DpCO 2 in the sWNP and ENP occurred in summer (August/September), and the maximum, in late winter (March) (Fig. 4c, d-f ). In the nWNP, DpCO 2 showed two minima in summer (August/ September) and late winter (February/March), and two maxima in late spring (May/June) and late fall (November/December) (Fig. 4b) . In the sWNP, pCO sea 2 was slightly larger than pCO air 2 in summer, while, in the nWNP, pCO sea 2 was always lower than pCO air 2 . In the ENP, DpCO 2 was less than À20 matm; hence, the ENP acts as a source of atmospheric CO 2 in summer.
During the annual cycle of DpCO 2 , the peakto-trough amplitude was larger in the ENP (@70 matm) than in the WNP (@57 matm). In the WNP, the peak-to-trough amplitude was large in the sWNP, while the opposite was found in the ENP (Fig. 4) , suggesting a di¤erence in the controlling factors between the two regions. Due to the relatively small seasonal variability of pCO air 2 , the variation of DpCO 2 was mainly dependent on the pCO sea 2 variation. Therefore, to analyze the contribution of SST, SSS, A T , and TCO 2 changes to the seasonal cycle of pCO sea 2 , we separated pCO sea 2 into di¤erential terms (Takahashi et al. 1993 
The first three terms of the right-hand side in Eq. (3) were computed using the thermodynamic relationships described in DOE (1994). We used the dissociation constants for carbonic acids in seawater given by Roy et al. (1993) . Residuals obtained by subtracting the sum of the first three terms of Eq. (3) from ðdpCO sea 2 =dtÞ were ascribed to the TCO 2 change via the air-sea CO 2 exchange, biological activity, and/or ocean dynamics. Figure 5 illustrates the average contribution of each term in Eq. (3) from 1999 to 2006 to the change in the monthly pCO sea 2 . In both the WNP and ENP, the e¤ect of SST varied in the same way as that of A T and oppositely to that of TCO 2 during the annual cycle, thus damping the seasonal variation in pCO sea 2 . In the sWNP in June, the increase of pCO sea 2 with SST was estimated to be about 40 matm, and the TCO 2 decrease was 30 matm. The opposite occurred in December (Fig.  5c ), when pCO sea 2 decreased by 35 matm due to the SST decrease and increased by 20 matm due to the TCO 2 increase. In the sWNP and ENP, the combined e¤ect of SST, and A T on pCO sea 2 is larger than that of TCO 2 .
In the ENP, the magnitude of each e¤ect on the seasonal variation in pCO sea 2 is small as compared with that in the sWNP. For example, pCO sea 2 increased by 17 matm in June due to the SST rise and decreased by 18 matm in November (Fig. 5d) .
In the nWNP, the e¤ects of both SST and TCO 2 varied largely as compared with those of sWNP (Fig. 5b) , but the peak-to-trough amplitude of the seasonal variation in pCO sea 2 was slightly smaller than in the sWNP (Fig. 4) . The e¤ect of SST and A T on pCO sea 2 was smaller than that of TCO 2 from January to May and larger from June to November. Thus, along with the negative dependence of A T on pCO sea 2 , pCO sea 2 showed a maximum due to the e¤ect of the TCO 2 increase in January, and due to the SST increase and A T decrease in July. In general, in the subtropics, pCO sea 2 was at its maximum in summer due to the SST increase (thermodynamic temperature e¤ect) and in the subarctic in winter due to the TCO 2 increase (mixed layer deepening and respiration). Therefore, the nWNP reveals a subtropical feature from summer to autumn and a subarctic one from winter to spring.
The thermodynamic salinity e¤ect was fairly low in both the WNP and ENP. This implies that the great improvement in the regression analysis by introducing SSS as a variable was due to the expressivity of the ocean dynamics. Figure 6 shows the contributions of SST, SSS, A T , and TCO 2 to the interannual variation of pCO sea 2 , which was calculated in the same way as the seasonal variation in pCO sea 2 (Section 3.2.a). In the WNP, both SST and TCO 2 are major factors for the interannual variation, and the e¤ect of SST on pCO sea 2 was opposite to that of TCO 2 (Figs. 6a-c) . In the ENP, the interannual variability of pCO sea 2 is much larger than that of WNP, which was mainly caused by the SST and the relatively small e¤ect of TCO 2 . increased at a rate of 0.53 G 0.11 matm yr À1 for the entire WNP during the study period, a rate that is significantly slower than the atmospheric increase of 1.81 G 0.01 matm yr À1 . Consequently, DpCO 2 has increased at 1.28 G 0.11 matm yr À1 in the entire WNP, suggesting the possibility of increasing CO 2 uptake. In the western North Pacific (137 E), Inoue et al. (1995) and Midorikawa et al. (2006) reported a growth rate of wintertime pCO sea 2 which was nearly equal to that of air (1.6-1.8 matm yr À1 ). Increases of pCO sea 2 were mostly caused by the anthropogenic CO 2 uptake and, to a lesser amount, by the increase of SST. Takahashi et al. (2006) reported relatively low growth rates of pCO sea 2 (7.3-8.8 matm decade À1 ) in the western temperate zone (30-40 N, 150-180 E) , which includes the Kuroshio extension. They discussed the e¤ects of the outflow from the Sea of Okhotsk with a negative growth rate via the Oyashio Current and/or from the East China Sea with higher total alkalinity. In the ENP, the annual average of pCO sea 2
b. Interannual variation
increased at a rate of 1.32 G 0.16 matm yr À1 , which is nearly equal to that of Takahashi et al. (2006) , who reported 15.4-17.1 matm decade À1 in the 30-40 N, 130-150 W. In Table 1 , the linear time variation term in Eq. (1) gives the increase rate of pCO sea 2 at given SST and SSS. However, this coe‰-cient itself is not a robust predictor of the longterm trend of pCO sea 2 in the WNP and ENP because year-to-year changes in SST and SSS could a¤ect pCO sea 2 . For instance, at station ALOHA (22 45 0 N, 158 00 0 W), a large year-to-year increase in pCO sea 2 occurred along with SSS, which was caused by a reduction in rainfall (Dore et al. 2003) and the e¤ect of a water mass exchange accompanied by a systematic large-scale shift of the North Pacific climate system (Keeling et al. 2004) . The rate of increase of pCO sea 2 , that is, the linear time variation term in Eq. (1) (Table 1) multiplied by 12 deviates from the rate of increase at a fixed geographical position (Table 2) , especially in the ENP, where the SST is a predominant factor for the interannual variation in pCO sea 2 (Figs. 6d-f ).
3.3 Air-sea CO 2 flux Figure 7 shows the variations in the air-sea CO 2 flux in the WNP and ENP from 1999 to 2006. In the WNP, the air-sea CO 2 flux was at its minimum within the range À0.2 to 0.6 mmol m À2 d À1 in August/September, following the DpCO 2 minimum, and at its maximum within the range 8.2 to 11.4 mmol m À2 d À1 in January/February, which is two or three months earlier than that of DpCO 2 . The maximum air-sea CO 2 flux varied more significantly from year to year than the minimum flux. In winter, the air-sea CO 2 flux in the nWNP showed a di¤erent pattern from that of DpCO 2 (Figs. 4b,  7b ) due to the relatively high wind speed (Fig. 8) .
In the ENP, the seasonal variation of the air-sea CO 2 flux was at its minimum within the range À2.9 to À1.8 mmol m À2 d À1 in August/September and at its maximum within the range 5.2 to 6.8 mmol m À2 d À1 in January/February (Fig. 7d ), which is one or two months earlier than that of DpCO 2 . The annual mean CO 2 uptake rate in the nWNP was generally more than 1.5 times that in the sWNP. In the ENP, the CO 2 uptake rate in the nENP was, on average, 2.8 times that in the sENP (Table 3 ). Figure 9 shows the contribution of k s , a, and DpCO 2 to the interannual variation of the air-sea CO 2 flux, which was calculated using Eq. (4):
The e¤ect of solubility on the interannual variation in the air-sea CO 2 flux was usually lower than 1%. Fig. 9 . E¤ect of the gas-transfer velocity ðk s Þ and DpCO 2 on the interannual variation in the air-sea CO 2 flux in the (a) WNP, (b) nENP, (c) sWNP, (d) entire ENP, (e) nENP, and (f ) sENP from 1999 to 2006. The change in the air-sea CO 2 flux between two successive years (dCO 2 flux) is shown in the latter year. Because the e¤ect of the CO 2 solubility on the interannual variation in the air-sea CO 2 flux was usually lower than 1% of the total, it is not shown here. in April, when a relatively large DpCO 2 was seen. Therefore, the relatively large growth rate of the air-sea CO 2 flux in the nENP could be caused by the increase in wind speed.
In the ENP, the increase in the SST over the years and the changes in wind speed also indicate a possible link to the pattern of Pacific climate variability: Pacific Decadal Oscillation (PDO; Zhang et al. 1997; Mantua et al. 1997) . The monthly PDO index, defined as the leading principal component of the North Pacific monthly SST variability, showed a negative phase starting in July 1998 and a turn to the positive phase in August 2002 (http:// jisao.washington.edu/pdo/), from which we could expect increases in SST and wind speed during the observation period. Larger e¤ects of PDO on the carbonate system can be expected in the eastern North Pacific, as observed in the correlation between the northeast Pacific marine ecosystem and the phase changes in PDO (Mantua et al. 1997) . Long-term monitoring of the carbonate system is needed to gain an improved understanding of the variations in pCO sea 2 associated with PDO and global warming.
Summary
We investigated the seasonal and inter-annual variations of pCO increased at a rate of 0.53 G 0.11 matm yr À1 in the WNP and 1.32 G 0.16 matm yr À1 in the ENP. In addition to the anthropogenic CO 2 uptake, the growth rate of pCO sea 2 in the WNP could relate to changes in the carbonate system in the high latitudes and that in the ENP to changes in the SST and SSS fields. Over the same period, the air-sea CO 2 flux increased at a rate of 0. 
